Thermodynamic and transport properties of air and its products of combustion with ASTMA-A-1 fuel and natural gas at 20, 30, and 40 atmospheres by Svehla, R. A. & Poferl, D. J.






THERMODYNAMIC A N D  TRANSPORT PROPERTIES 
OF AIR AND ITS PRODUCTS OF COMBUSTION 
WITH ASTM-A-1 FUEL A N D  NATURAL GAS 
AT 20, 30, A N D  40 ATMOSPHERES 
by David J. Poferl und Roger A.  Svehla 
Lewis Research Center 
Clevehd,  Ohio 44135 
N A T I O N A L  AERONAUTICS A N D  SPACE ADMINISTRATION WASHINGTON,  D. C. DECEMBER 1973 
https://ntrs.nasa.gov/search.jsp?R=19740004462 2020-03-23T12:27:02+00:00Z
1. Report No. I 2. Government Accession No. I 3. Recipient's Catalog No. 
ITS PRODUCTS OF COMBUSTION WITH ASTM-A-1 FUEL AND 
NATURAL GAS AT 20, 30, AND 40 ATMOSPHERES 
David J. Poferl and Roger A. Svehla 
7. Author(s) 
6. Performing Organization Code 
8. Performing Organization Report No. 
E-7523 
10. Work Unit No. 
9. Performing Organization Name and Address 501-24 
Lewis Research Center 
National Aeronautics and space Administration 
, 
Cleveland, Ohio 44135 
2. Sponsoring Agency Name and Address . 
11. Contract or Grant No. I 
13. Type of Report and Period Covered 
Technical Note 
7. Key Words (Suggested by Author(s)) 
Thermodynamic properties ; Transport prop - 
erties; Air; Jet  fuel; Natural gas 
14. Sponsoring Agency Code 
18. Distribution Statement 
Unclassified - unlimited 
I 
5. Supplementary Notes 
6. Abstract 
The isentropic exponent, molecular weight, viscosity, specific heat at constant pressure, 
thermal conductivity, Prandtl number, and enthalpy were calculated for air, the combustion 
products of ASI'M-A-1 jet fuel and air, and the combustion products of natural gas and air. 
The properties were calculated over a temperature range from 300 to 2800 K in 100 K incre- 
ments and for pressures of 20, 30, and 40 atmospheres. The data for natural gas and 
ASTM-A-1 were calculated for fuel-air ratios from zero to stoichiometric in 0.01 increments. 
19. Security Classif. (of this report) 
Unclassified 
20. Security Classif. (of this page) 
Unclassified 




* For sale by the National Technical  Information Service, Springfield, Virginia 22151 
CONTENTS 
Page 
SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 
INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 
SYMBOLS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 
THERMODYNAMIC AND TRANSPORT PROPERTY CALCULATIONS PROGRAM. . 2 
THERMODYNAMIC AND TRANSPORT PROPEEtTIES . . . . . . . . . . . . . . . .  3 
Air . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 
Combustion Products of ASTM-A-1 and Air . . . . . . . . . . . . . . . . . . . .  3 
Combustion Products of Natural Gas and Air . . . . . . . . . . . . . . . . . . .  4 
CONCLUDING REMARKS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5 
APPENDIXES 
A . COMPOSITIONS OF AIR, ASTM-A-1, AND NATURAL GAS . . . . . . . . .  
B - CONVERSION UNITS FOR VISCOSlTY, THERMAL CONDUCTIVITY, 
6 
SPECIFIC HEAT AT CONSTANT PRESSURE, AND ENTHALPY . . . . . . .  7 
REFERENCES..  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  9 
TABLES 
I - THERMODYNAMIC AND TRANSPORT PROPERTIES OF 
AIR AT 20 ATMOSPHERES . . . . . . . . . . . . . . . . . . . . . . . . .  10 
I1 - THERMODYNAMIC AND TRANSPORT PROPERTIES OF 
AIR AT 30 ATMOSPHERES . . . . . . . . . . . . . . . . . . . . . . . . .  11 
I11 - THERMODYNAMIC AND TRANSPORT PROPERTIES OF 
AIR AT 40 ATMOSPHERES . . . . . . . . . . . . . . . . . . . . . . . . .  12 
IV - THERMODYNAMIC AND TRANSPORT PROPERTIES OF THE 
COMBUSTION PRODUCTS OF ASTM-A-1 AND AIR 
AT 20 ATMOSPHERES. . . . . . . . . . . . . . . . . . . . . . . . . . . .  13 
V - THERMODYNAMIC AND TRANSPORT PROPERTIES OF THE 
COMBUSTION PRODUCTS OF ASTM-A-1 AND AIR 
AT 30 ATMOSPHERES. . . . . . . . . . . . . . . . . . . . . . . . . . . .  20 
COMBUSTION PRODUCTS OF ASTM-A-1 AND AIR 
AT 40 ATMOSPHERES. . . . . . . . . . . . . . . . . . . . . . . . . . . .  27 
VI - THERMODYNAMIC AND TRANSPORT PROPERTIES OF THE 
iii 
TABLES (Continued) 
VI1 - THERMODYNAMIC AND TRANSPORT PROPERTIES OF THE 
COMBUSTION PRODUCTS OF NATURAL GAS AND AIR, AT 
20 ATMOSPHERES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
VI11 - THERMODYNAMIC AND TRANSPORT PROPERTIES OF THE 
COMBUSTION PRODUCTS OF NATURAL GAS AND AIR AT 
30 ATMOSPHERES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
IX - THERMODYNAMIC AND TRANSPORT PROPERTIES OF THE 
COMBUSTION PRODUCTS OF NATURAL GAS AND AIR AT 





4 1  
48 
THERMODYNAMIC AND TRANSPORT PROPERTIES OF AIR AND ITS PRODUCTS 
OF COMBUSTION WITH ASTM-A-1 FUEL AND NATURAL GAS 
AT 20, 30, AND 40 ATMOSPHERES 
by David J. Pofer l  and  Roger A. Svehla 
Lewis Research Center 
SUMMARY 
The isentropic exponent, molecular weight, viscosity, specific heat at constant 
pressure,  thermal conductivity, Prandtl number, and enthalpy were calculated for air, 
the combustion products of ASTM-A-1 jet fuel and air, and the combustion products of 
natural gas and air. The properties were calculated over a temperature range from 300 
to 2800 K in 100 K increments and for pressures of 20, 30, and 40 atmospheres. The 
data for natural gas and ASTM-A-1 were calculated for fuel-air ratios from zero to stoi- 
chiometric in 0.01 increments. 
INTRODUCTION 
An analytical investigation was conducted to determine the thermodynamic and t rans  - 
port properties for air, the combustion products of ASTM-A-1 jet fuel and air, and the 
combustion products of natural gas and air at the pressures and temperatures encoun- 
tered in NASA jet engine design studies. Data for these properties were not available in 
the literature over the full range of interest (e.g., refs. 1 and 2). Accurate values are 
required for performing jet engine cycle studies and for designing cooling configurations 
for combustor liners and turbine vanes and blades. Since the gas temperatures of inter- 
est a r e  usually too high for the properties to be measured directly, the properties must 
be calculated. 
cosity p ,  specific heat at constant pressure c thermal conductivity k ,  Prandtl num- 
ber Pr, and enthalpy h. The calculations were made for (1) a i r ,  (2) ASTM-A-1 jet fuel 
burned in air, and (3) natural gas burned in air. All properties were calculated for tem - 
peratures from 300 to 2800 K at pressures of 20, 30, and 40 atmospheres. The 
The properties calculated were the isentropic exponent y ,  molecular weight m, vis-  
P’ 
properties for the combustion products of both ASTM-A-1 and natural gas were deter- 












specific heat at constant pressure,  cal/(g)(K) 
enthalpy, cal/g 






isentropic exponent, ( a  In P/a In p ) s  
viscosity, g/(cm)(sec) 
THERMODYNAMIC AND TRANSPORT PROPERTY CALCULATIONS PROGRAM 
The program used to calculate the thermodynamic and transport properties is de- 
scribed in references 3 and 4. It is a program which combines the thermodynamic chem- 
ical equilibrium compositions program (ref. 5) with additional routines to calculate the 
transport properties. Condensed species, as well  as gaseous species, are considered 
when obtaining the equilibrium composition and when calculating the thermodynamic prop - 
erties. However, only the gaseous species are used when calculating the transport 
properties. 
Because of storage limitations, the maximum allowable number of species is 100 and 
the maximum number of chemical elements is 10 for the thermodynamic property cal- 
culations. However, in computing the transport properties, the equilibrium composition 
obtained from the thermodynamic calculations is searched for the 20 gaseous species 
with the largest concentrations. All gaseous species with equilibrium mole fractions 
less than a re  omitted. 
The transport cross-section data used in the calculations are the data included with 
the program described in reference 4 .  Most of these data came from references 3 and 6 
to 9. Rotational relaxation effects are included in calculating the thermal conductivity. 
Input data used in the transport property calculations are slightly different than the data 
2 
used in calculating the properties of reference 1. However, the differences a r e  gener - 
ally small and change the results by only a few percent. In order to see the actual dif- 
ferences used in the input, the reader is referred to reference 4.  
dix A. 
The compositions assumed for air, ASTM-A-1, and natural gas are given in appen- 
THERMODYNAMIC AND TRANSPORT PROPERTIES 
Calculations of thermodynamic and transport properties were made for air, ASTM- 
A-1 burned in air, and natural gas burned in air at temperatures from 300 to 2800 K in 
100 K increments; at pressures of 20, 30, and 40 atmospheres; and at fuel-air ratios 
from 0.01 to stoichiometric in 0.01 increments. The results of these calculations are 
presented in tables I to E. Conversion units for viscosity, thermal conductivity, spe- 
cific heat at constant pressure, and enthalpy are given in appendix B. Reference enthal- 
pies are the same as those given in  reference 5; that is, the enthalpy of the elements in 
their most stable form is assumed to be zero at 298.15 K. 
Air 
The thermodynamic and transport properties y ,  m, p ,  c k, Pr, and h of air at 
pressures of 20, 30, and 40 atmospheres are given in tables I to III, respectively. The 
data show that the isentropic exponent decreases with increasing temperature, whereas 
the viscosity, specific heat at constant pressure, thermal conductivity, and enthalpy in- 
crease with increasing temperature. The molecular weight and Prandtl number remain 
nearly constant until dissociation effects become apparent at approximately 2000 K. Fur- 
thermore, since the composition remains constant, increasing the pressure from 20 to 
40 atmospheres has essentially no effect on the thermodynamic and transport properties 
at temperatures below approximately 2000 K. The difference in the viscosity of air at 20 
and 40 atmospheres is negligible over the entire range of temperatures presented. 
Above 2000 K,  y, m, and Pr increase with increasing pressure,  whereas c k,  and h 
decrease with increasing pressure. The greatest effect of pressure occurs in the c k, 




Combustion Products of ASTM-A-1 and Air 
The thermodynamic and transport properties of the combustion products of ASTM- 
A-1 are given in table IV for fuel-air ratios from 0.01 to stoichiometric at a pressure of 
3 
20 atmospheres. The trend of the properties with temperature is the same as that de- 
scribed for air. The effect of fuel-air ratio varies with the particular property being 
considered. That is, the isentropic exponent and enthalpy decrease with increasing fuel- 
air  ratio, whereas the specific heat at constant pressure and thermal conductivity in- 
crease with increasing fuel-air ratio. At temperatures above approximately 1700 K, the 
molecular weight decreases with increasing fuel-air ratio. Below 1700 K, the molecular 
weight is essentially independent of fuel-air ratio over the range of fuel-air ratios inves- 
tigated. The viscosity increases with increasing fuel-air ratio at temperatures above 
approximately 1400 K ,  whereas the opposite trend is observed below 1400 K. The 
Prandtl number increases with increasing fuel-air ratio below about 1500 K and de- 
creases at temperatures greater than 1500 K. The properties most affected by fuel-air 
ratio a re  specific heat at constant pressure,  thermal conductivity, and enthalpy. 
This behavior can be qualitatively explained in te rms  of the change in the equilibrium 
combustion product composition with fuel-air ratio changes. At the lower temperatures 
the properties change solely because of the greater percentage of combustion products in 
the mixture. This affects all the properties to some degree. However, at higher tem- 
peratures another effect becomes important, dissociation. Chemical reactions, and in 
particular dissociation, have a very pronounced effect on some properties, especially the 
specific heat at constant pressure and thermal conductivity. There can be  a very large 
enhancement in the value of these properties over that for nondissociating species. See 
reference 4 for a more detailed explanation and reference 3 for figures showing the ef- 
fects of varying temperature, pressure, and fuel-oxidant mixture ratios over a large 
range of conditions. 
Similar data for the properties at 30 and 40 atmospheres are given in tables V and 
VI, respectively. The effect of fuel-air ratio on the property data at 30 and 40 atmos- 
pheres is the same as that presented for a pressure of 20 atmospheres. All property 
variations with pressure are similar to those discussed previously for air, with the ef- 
fect of pressure becoming noticeable above approximately 1700 K. 
Combustion Products of Natural Gas and Air 
The properties of the combustion products of natural gas are presented in table VII 
for fuel-air ratios from 0.01 to stoichiometric at a pressure of 20 atmospheres. The 
variation of property data with fuel-air ratio and temperature is similar to that discussed 
previously for ASTM-A-1. The only significant difference is that the molecular weight of 
the combustion products of natural gas is more sensitive to fuel-air ratio than is the mol- 
ecular weight of the combustion products of ASTM-A-l. The reason is that the hydrogen/ 
carbon ratio of natural gas is higher than that of ASTM-A-1. 
4 
Property data for the combustion products of natural gas at pressures of 30 and 40 
atmospheres a re  given in tables VIII and M, respectively. All property variations with 
pressure a r e  similar to those for air and the combustion products of ASTM-A-1. Com- 
paring tables IV to M shows that at any given temperature, pressure,  and fuel-air ratio, 
y ,  m, Pr, and h for the combustion products of natural gas are in general lower than 
the corresponding values for the combustion products of ASTM-A-1. However, the r e -  
verse  is true for c and k over the range of temperature, pressure,  and fuel-air ratio 
investigated. The viscosity at any given temperature and pressure is essentially the 
same for the combustion products of both natural gas and ASTM-A-1. 
P 
CONCLUDING REMARKS 
The isentropic exponent, molecular weight, viscosity, specific heat at constant pres-  
sure ,  thermal conductivity, Prandtl number and enthalpy were calculated for air, the 
combustion products of ASTM-A-1 and air, and the combustion products of natural gas 
and air. These properties were calculated for temperatures from 300 to 2800 K and for 
pressures  of 20, 30, and 40 atmospheres. The data for ASTM-A-1 and natural gas were 
determined for fuel-air ratios from 0.01 to stoichiometric. 
The theoretical data presented herein a r e  for the combustion products of air and the 
fuels defined in appendix A. However, it is estimated that the difference between cal- 
culated thermodynamic and transport properties of the combustion products of ASTM-A- l 
burned in air and the properties of any of the typical JP fuels burned in air will be less 
than 0.5 percent for the same equivalence ratio. Likewise, e r ro r s  of less than 0.5 per- 
cent will be introduced if the thermodynamic and transport properties of the combustion 
products of natural gas are used for  the properties of the combustion products of methane 
or  any nominal natural gas composition. 
The effect of pressure on the theoretical properties is negligible for temperatures 
less than 2000 K for air and for temperatures less than approximately 1700 K for the 
combustion products of ASTM-A-1 o r  natural gas since the amount of dissociation does 
not become a significant factor until these temperatures are reached. The properties 
most affected by fuel-air ratio were specific heat at constant pressure,  thermal conduc- 
tivity, and enthalpy. The specific heat at constant pressure,  thermal conductivity, and 
Prandtl number were the most sensitive to pressure. 
Lewis Research Center, 
National Aeronautics and Space Administration, 





COMPOSITIONS OF AIR, ASTM-A-1, AND NATURAL GAS 
Composition, 
wt. % 
The following compositions were assumed for air, ASTM-A-1, and natural gas. The 
ASTM-A-1 jet fuel was assumed to have the 
composition of air is given by the following formula: 
'0. 0O03ON1. 56176'0. 4195gAr0. 00932' 
composition CHI. 9185. Natural gas was assumed to consist of the following components: 
Nitrogen, N2 
Methane, CH4 
Carbon dioxide, C 0 2  
Ethane, C2H6 
Propane,  C3H8 
Butane, C4H10 










CONVERSION UNITS FOR VISCOSITY, THERMAL CONDUCTIVITY, SPECIFIC HEAT 
AT CONSTANT PRESSURE, AND ENTHALPY 
The factors for converting viscosity, thermal conductivity, specific heat at constant 
pressure,  and enthalpy from cgs units to SI and English units are the following: 
Viscosity: 
-2 lbm = 6.72X10 
(ft)(sec) 
3 (lbf)(sec) = 2.089X10- 
f t2  
I 




2 Btu = 6.72X10’ 
(ft2)(sec)@/ft) 
7 
Specific heat at constant pressure: 
Enthalpy : 
cal J 1 -= 4. 184 - 
g g 
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TABLE I. - THERMODYNAMIC AND TRANSPORT PROPERTIES OF AIR AT 20 ATMOSPHERES 
'emperature,  
K 






































































































Specific heat at 
:onstant p re s su re ,  
















































































































TABLE 11. - THERMODYNAMIC AND TRANSPORT PROPERTIES OF AIR AT 30 ATMOSPHERES 
rempera ture ,  


















































































3 9 1  
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Specific heat a t  























































9 2  
7 8  
63 
Prandtl  





























TABLE 111. - THERMODYNAMIC AND TRANSPORT PROPERTIES OF AIR AT 40 ATMOSPHERES 
'emperature,  
K 






































































I J ,  
/(cm)(sec) 


























Specific heat a t  
on stant p r e s  s u r  e ,  


























. 2 4 0 1  
Therm a1 
conductivity, 
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TABLE IV. - THERMODYNAMIC AND TRANSPORT PROPERTIES OF THE COMBUSTION PRODUCTS 
OF ASTM-A-1 AND AIR AT 20 ATMOSPHERES 
(a) Fuel-air  ratio, 0.01  
I 'emperature, 






















































































Specific heat at 



















































































































aProper t ies  at this temperature reflect the effect of the condensation of water from the combustion products. 
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TABLE IV. - Continued. THERMODYNAMIC AND TRANSPORT PROPERTIES O F  THE COMBUSTION 
t 
?emperature,  




























PRODUCTS OF ASTM-A-1 AND AIR AT 20 ATMOSPHERES 

































l i scos i ty ,  
p ,  
/(cm)(sec) 


























Specific heat a t  
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aProper t ies  at t h i s  tempera ture  reflect  the effect of the condensation of water f rom the  combustion products. 
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TABLE IV. - Continued. THERMODYNAMIC AND TRANSPORT PROPERTIES OF THE COMBUSTION 
PRODUCTS OF ASTM-A-1 AND AIR AT 20 ATMOSPHERES 
(c) Fuel-air  ratio,  0.03 
'emperature,  
K 
























































































Specific heat a t  
ionstant p re s su re ,  
c ,  
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. 7  07 
. 7  09 
. 7  10 
.7 11 
. 7  12 
.713 
. 7  15 































'Properties at th i s  tempera ture  reflect  the effect of the condensation of water f rom the  combustion products. 
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TABLE IV. - Continued. THERMODYNAMIC AND TRANSPORT PROPERTIES OF THE COMBUSTION 
PRODUCTS OF ASTM-A-1 AND AIR AT 20 ATMOSPHERES 
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Specific heat at 
:onstant p r e s s u r e ,  
c ,  
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Prandtl  
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Proper t ies  a t  t h i s  temperature reflect  the effect of the condensation of water from the  combustion products. 1 
16 
TABLE IV. - Continued. THERMODYNAMIC AND TRANSPORT PROPERTIES O F  THE COMBUSTION 
PRODUCTS OF ASTM-A-1 AND AIR AT 20 ATMOSPHERES 
(e) Fuel-air  ratio,  0.05 
r empera ture ,  

























































































Specific heat at 




























































0 .601  















. 7  07 
.709 
. 7  11 
. 7  12 
.7  14 
.7  16 
. 7  18 
. 7 2 1  




























’Properties a t  th i s  tempera ture  reflect  the effect of the condensation of water from the  combustion products. 
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TABLE IV. - Continued. THERMODYNAMIC AND TRANSPORT PROPERTIES OF THE COMBUSTION 
PRODUCTS OF ASTM-A-1 AND AIR AT 20 ATMOSPHERES 
( f )  Fuel-air  ratio,  0.06 
Temperature, Isentropic 
T ,  exponent, 
K Y 
2800 1. 1719 
















aoo 1.3  167 










































\ 2 12 
252 
32.598 180 
Specific heat at 















.3929 4 27 
. m a  388 
.3586 358 
.3486 3 34 
.3413 3 14 
.3357 29 6 
.3310 280 
.3266 265 
.3224 24 9 
. 3 i a i  234 
. 3  136 
.3089 
.so38 



















Prandtl  Enthalpy 






.662 58 .1  
. e a 2  -20.8 
. ea8  -57.3 
.673 17. 5 
.693 -92.6 
.696 -127.1 
. m a  -160.9 
.700 -194.3 





. 7 i o  -385.0 








aProperties at this  temperature reflect  the effect of the condensation of water f rom the combustion products. 
TABLE IV. - Concluded. THERMODYNAMIC AND TRANSPORT PROPERTIES OF THE COMBUSTION 
PRODUCTS OF ASTM-A-1 AND AIR AT 20 ATMOSPHERES 
(g) Fuel-air  ra t io ,  0.06817 (stoichiometric) 
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. 7  11 
. 7  13 
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. 7  17 
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THERMODYNAMIC AND TRANSPORT PROPERTIES OF THE COMBUSTION PRODUCTS 
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onstant p r e s s u r e ,  
c a l k ) & )  
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aProper t ies  at  t h i s  temperature reflect  the effect of the condensation of water from the combustion products. 
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TABLE V. - Continued. THERMODYNAMIC AND TRANSPORT PROPERTIES OF THE COMBUSTION 
PRODUCTS OF ASTM-A-1 AND AIR AT 30 ATMOSPHERES 
(b) Fuel-air  ratio,  0.02 
r empera ture ,  
K 
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Proper t ies  a t  t h i s  temperature reflect  the effect of the condensation of water from the combustion products. 
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PRODUCTS OF ASTM-A-1 AND AIR AT 30 ATMOSPHERES 
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Prandtl Enthalpy, l- cal/g 
Properties at this temperature reflect the effect of the condensation of water from the combustion products. a 
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TABLE V. - Continued. THERMODYNAMIC AND TRANSPORT PROPERTIES OF THE COMBUSTION 
I 
PRODUCTS OF ASTM-A-1 AND AIR AT 30 ATMOSPHERES 
(d) Fuel-air ratio,  0.04 
'emperature,  
K 





















































































Specific heat at 
















































































































'Properties at th i s  temperature reflect  the effect of the condensation of water from the combustion products. 
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TABLE V. - Continued. THERMODYNAMIC AND TRANSPORT PROPERTIES OF THE COMBUSTION 





























PRODUCTS OF ASTM -A- 1 AND AIR AT 30 ATMOSPHERES 
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. 7  12 
.7  14 
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.7  18 
.7 2 1  































aProper t ies  at th i s  temperature reflect  the effect of the condensation of water from the  combustion products 
TABLE V.  - Continued. THERMODYNAMIC AND TRANSPORT PROPERTIES OF THE COMBUSTION 
PRODUCTS O F  ASTM -A- 1 AND AIR AT 30 ATMOSPHERES 
(f) Fuel-air ratio, 0.06 
rempera ture ,  
K 
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Proper t ies  at  th i s  tempera ture  reflect the  effect of the condensation of water from the combustion products. ;I 
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TABLE V. - Concluded. THERMODYNAMIC AND TRANSPORT PROPERTIES OF THE COMBUSTION 
PRODUCTS OF ASTM-A-1 AND AIR AT 30  ATMOSPHERES 
(g) Fuel-air  ra t io ,  0.06817 (stoichiometric) 
'emperature , 
K 
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9 1  

























































'Properties at this temperature reflect  the effect of the condensation of water from the combustion products. 
TABLE VI. - THERMODYNAMIC AND TRANSPORT PROPERTIES OF THE COMBUSTION PRODUCTS 
O F  ASTM-A-1 AND AIR AT 40 ATMOSPHERES 
(a) Fuel-air  ratio, 0.01 
r emperature ,  
K 





















































































Specific heat at 






























cal/(cm) (sec) 00 




















































































aProper t ies  at th i s  temperature  reflect  the effect of the condensation of water from the combustion products. 
27 
TABLE VI. - Continued. THERMODYNAMIC AND TRANSPORT PROPERTIES OF THE COMBUSTION 
r emperature,  




























PRODUCTS O F  ASTM -A - 1 AND AIR AT 40 ATMOSPHERES 






























































Specific heat a t  
:onstant p re s su re ,  







































































. 7 0 1  
.702 
.703 







. 7  10 
. 7  11 
. 7  12 

















5 9 . 0  
29.7 









'Properties at th i s  temperature reflect  the effect of the condensation of water from the combustion products. 
28 
TABLE VI. - Continued. THERMODYNAMIC AND TRANSPORT PROPERTIES OF THE COMBUSTION 
PRODUCTS OF ASTM-A- 1 AND AIR AT 40  ATMOSPHERES 
(c) Fuel-air ratio, 0.03 
r e  mper a tur  e ,  













































































8 3 4 ~ 1 0 - ~  
8 13 
























Specific heat at 












. 3  180 

















k ,  






























. 6 5 1  
.664 
.674 
. 6 8 1  
.687 













. 7  10 
.7 11 
.7  12 
. 7  13 
. 7  15 
.7  17 



























Proper t ies  at th i s  temperature reflect  the effect of the condensation of water from the combustion products. a 
I 
29 
TABLE VI. - Continued. THERMODYNAMIC AND TRANSPORT PROPERTIES OF THE COMBUSTION 
~ 
? emperatur e, 
K 



























PRODUCTS OF ASTM-A-1 AND AIR AT 40  ATMOSPHERES 



























































Specific heat a t  
:onstant p re s su re ,  
0.47 14 
.4403 





















































6 1  
Prandtl  
























. 7  16 




h ,  



























‘Properties at  t h i s  temperature reflect  the effect of the condensation of water f rom the  combustion products. 
30 
TABLE VI. - Continued. THERMODYNAMIC AND TRANSPORT PROPERTIES OF THE COMBUSTION 
PRODUCTS O F  ASTM-A-1 AND AIR AT 40 ATMOSPHERES 
(e) Fuel-air ratio, 0.05 
' e m p e r a h r e ,  
K 
























































































Specific heat a t  





























k ,  
















































. 7  11 
.7 12 
.7 14 
. 7  16 
. 7  18 
.721  



























-545 .1  
"Properties at this tempera ture  reflect the effect of the condensation of water from the combustion products. 
31 
TABLE VI. - Continued. THERMODYNAMIC AND TRANSPORT PROPERTIES OF THE COMBUSTION 
i emper ature,  
K 



























PRODUCTS OF ASTM-A-1 AND AIR AT 40  ATMOSPHERES 














































































Specific heat at 
























































6 1  
Prandtl  






















































Proper t ies  at t h i s  temperature ref lect  the effect of the condensation of water from the combustion products. a 
TABLE VI. - Concluded. THERMODYNAMIC AND TRANSPORT PROPERTIES OF THE COMBUSTION 
PRODUCTS O F  ASTM-A-1 AND AIR AT 40 ATMOSPHERES 
(g) Fuel-air  ra t io ,  0.06817 (stoichiometric) 






























































p ,  
:/(cm)(sec) 
84 3X 

























Specific heat at 


























































lumber ,  
Pr 
0 .621  
.636  
.650  














. 7  11 
.7 13 




































'Properties at th i s  tempera ture  re f lec t  the effect of the  condensation of water f rom the  combustion products. 
33 
TABLE VII. - THERMODYNAMIC AND TRANSPORT PROPERTIES OF THE COMBUSTION PRODUCTS 
remperature,  

























































OF NATURAL GAS AND AIR AT 20 ATMOSPHERES 

































Specific heat at 
















































































































Proper t ies  at t h i s  temperature reflect  the effect of the  condensation of water from the  combustion products. 3 
TABLE VII. - Continued. THERMODYNAMIC AND TRANSPORT PROPERTIES OF THE COMBUSTION 
rempera ture ,  
T ,  
K 























































































Specific heat at 
constant p re s su r  e, 
0.4646 
.4361 









, 3  194 



































































































Proper t ies  at th i s  tempera ture  reflect the effect of the condensation of water from the  combustion products. L 
35 
TABLE VII. - Continued. THERMODYNAMIC AND TRANSPORT PROPERTIES OF THE COMBUSTION 
f 
emperature,  




























PRODUCTS OF NATURAL GAS AND AIR AT 20 ATMOSPHERES 
(c) Fuel-air  ratio,  0.03 
























1. 344 1 
1.3557 



































Specific heat at 





























k ,  
:al /(cm)(sec)K 

















































.7  11 
. 7  13 
.716 





























aProper t ies  a t  th i s  temperature reflect the effect of the condensation of water from the combustion products. 
TABLE VII. - Continued. THERMODYNAMIC AND TRANSPORT PROPERTIES OF THE COMBUSTION 
i 
PRODUCTS OF NATURAL GAS AND AIR AT 20 ATMOSPHERES 
(d) Fuel-air  ratio, 0.04 
' empera ture ,  

























































































Specific heat a t  
























































6 1  
Prandtl  

























































'P roper t ies  a t  th i s  temperature reflect  the effect of the condensation of water from the combustion products. 
37 
TABLE VII. - Continued. THERMODYNAMIC AND TRANSPORT PROPERTIES OF THE COMBUSTION 
Thermal  
conductivity, 
k ,  
cal/(cm )(set )(K) 
remperature,  
K 






























PRODUCTS OF NATURAL GAS AND AIR AT 20 ATMOSPHERES 













































































Specific heat a t  




















































6 1  
0.568 
. 5 9 1  

















. 7  12 
. 7  15 
. 7  18 
.722 
.727 































Proper t ies  at th i s  temperature reflect  the  effect of the condensation of water from the combustion products. 1 
38 
TABLE VII. - Continued. THERMODYNAMIC AND TRANSPORT PROPERTIES OF THE COMBUSTION 
(f)  Fuel-air 
Tempera ture ,  Isentropic Molecular Viscosity, 
T ,  exponent, weight, p ,  
K Y m g/(cm)(sec) 
2800 1.1695 27.260 844x10-6 
2700 1. 1757 27.397 823 
2600 1.1831 27.508 801  
2500 1. 1918 27.597 778 
2400 1.2014 27.666 756 
2300 1.2117 27.717 733 
2200 1.2222 27.752 710 
2 100 1.2324 27.776 687 
2000 1.2416 27.791 663 
1900 1.2491 27.799 639 
1800 1.2551 27.802 615 
17 00 1.2599 27.804 5 9 1  
1600 1.2643 27.805 566 
1500 1.2686 54 1 
14 00 1.2732 5 15 
1300 1.2783 4 89 
1200 1.2839 4 63 
1100 1.2903 436 
1000 1.2977 408 
900 1.3063 37 8 
800 1.3163 347 
700 1.3274 3 15 
600 1.3392 2 80 
500 1.3511 244 
' a400 1. 1798 30. 120 211  
V 
a300 1.2050 34.053 180 
Proper t ies  a t  th i s  temperature  re f lec t  the effect a 
PRODUCTS OF NATURAL GAS AND AIR AT 20 ATMOSPHERES 
ratio, 0.06 
Specific heat a t  Thermal  Prandtl  Enthalpy, 
constant p re s su re ,  conductivity, number, h, 
k, Pr c a l k  
c a l k ( K )  cal/(cm) (sec)(K) 
0.6406 946X10-6 0.572 216.7 
.5917 820 .594 155.1 
.5463 7 14 . 6  13 98. 2 
.5050 625 .629 45.7 
.4685 55 1 .642 -2.9 
.4371  49 1 .653 -48.2 
. 4  107 440 .662 -90.5 
.3893 399 .670  -130.5 
.3728 365 .678  -168.5 
.3609 337 .684 -205.2 
.3528 3 15 .689 -240.9 
.693 -275.8 .3469 296 
.3421  27 8 .696 -310.3 
.3376 262 .698 -344.2 
.3331  24 5 .700 -377.8 
.3283 229 .702 -410.9 
.3232 212 .TO5 -443.4 
.3176 196 .707 -475.5 
.3116 17 9 .710 -506.9 
.3048 162 .713 -537.8 
.2974 14 4 .716 -567.9 
.2897 127 .720 -597.2 
.2821  109 .725 -625.8 
.2750 92  . 7 3 1  -653.7 
.2589 75 .728 -707 .1  
.706 -776.8 6 1  
~ ~~ 
.2389 
of the condensation of water f rom the combustion products 
39 
TABLE M. - Concluded. THERMODYNAMIC AND TRANSPORT PROPEFWIES OF THE COMBUSTION 
remperature, 




























PRODUCTS OF NATURAL GAS AND AIR AT 20 ATMOSPHERES 


































p ,  
:/(cm)(sec) 


























Specific heat at 





















. m a  
.2a25 
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. 7  10 
.713 
. 7  16 
.720 






























aProperties at this temperature reflect the effect of the condensation of water from the combustion products. 
40 
TABLE VIII. - THERMODYNAMIC AND TRANSPORT PROPERTIES OF THE COMBUSTION PRODUCTS 
v 
OF NATURAL GAS AND AIR AT 30 ATMOSPHERES 
(a) Fuel-air  ratio, 0.01 
rempera ture ,  






















































































Specific heat at 
:on stant p re s su re ,  































































. 6 8 1  
.687 














































Proper t ies  at t h i s  temperature ref lect  the effect of the condensation of water from the combustion products. a 
41 
TABLE VIII. - Continued. THERMODYNAMIC AND TRANSPORT PROPERTIES O F  THE COMBUSTION 
v 
:emperature,  




























PRODUCTS O F  NATURAL GAS AND AIR AT 30 ATMOSPHERES 



























































Specific heat at 



























Therma l  
conductivity, 




























P r andtl 




























h tha lpy  , 




























aProper t ies  at  t h i s  temperature reflect  the effect of the condensation of water f rom the  combustion products. 
42 
TABLE VIII. - Continued. THERMODYNAMIC AND TRANSPORT PROPERTIES OF THE COMBUSTION 
PRODUCTS OF NATURAL GAS AND AIR AT 30 ATMOSPHERES 
(c)  Fuel-air ratio,  0.03 
: empera ture  , 
K 






































































































Specific heat at 

















































































































aProper t ies  at th i s  temperature reflect  the effect  of the condensation of water from the combustion products 
43 
TABLE VIII. - Continued. THERMODYNAMIC AND TRANSPORT PROPERTIES OF THE COMBUSTION 
:emperature, 




























PRODUCTS OF NATURAL GAS AND AIR AT 30 ATMOSPHERES 






























































Specific heat at 
:onstant p re s su re ,  
0.5105 
.4733 
.44  19 























Therma l  
conductivity, 
cal/(cm) (sec) (K) 
k ,  
































. 6 5 1  
.664 
.674 

















































aProperties at th i s  tempera ture  reflect  the effect of the condensation of water f rom the  combustion products. 
44 
TABLE VIII. - Continued. THERMODYNAMIC AND TRANSPORT PROPERTIES OF THE COMBUSTION 
PRODUCTS OF NATURAL GAS AND AIR AT 30 ATMOSPHERES 
(e) Fuel-air ratio, 0.05 
‘emperatur e, 
K 







































































































Specific heat at 
onstant p re s su re ,  























































7 6  
























































Proper t ies  at  t h i s  tempera ture  reflect  the effect of the condensation of water from the combustion products. a 
45 
TABLE VIII. - Continued. THERMODYNAMIC AND TRANSPORT PROPERTIES OF THE COMBUSTION 
PRODUCTS OF NATURAL GAS AND AIR AT 30 ATMOSPHERES 
( f )  Fuel-air  ratio,  0.06 
’ emper atur e ,  














































































p ,  



























Specific heat at 


























































6 1  
Prandtl 
lumber, 
























































’Properties at this temperature reflect  the effect of the condensation of water from the combustion products. 
46 
TABLE VIII. - Concluded. THERMODYNAMIC AND TRANSPORT PROPERTIES OF THE COMBUSTION 
f 
PRODUCTS OF NATURAL GAS AND AIR AT 30 ATMOSPHERES 
(g) Fuel-air  ratio, 0.06074 (stoichiometric) 
rempera ture ,  
K 
























































































Specific heat at 


















.3  180 


























































. 707  
. 7  10 
. 7  13 
. 7  16 
.720 
.725 





























Proper t ies  at th i s  temperature reflect  the effect of the condensation of water from the combustion products a 
I 
47 
TABLE E. - THERMODYNAMIC AND TRANSPORT PROPERTIES OF THE COMBUSTION PRODUCTS 
’emperature, 

























































OF NATURAL GAS AND AIR AT 40  ATMOSPHERES 














































Specific heat a t  
























































7 8  
62 
Prandtl  






















. 708  
. 7  09 
.709 
.7 10 































“Properties a t  this temperature  reflect  the effect of the condensation of water from the combustion products. 
TABLE IX. - Continued. THERMODYNAMIC AND TRANSPORT PROPERTIES OF THE COMBUSTION 
v 
PRODUCTS OF NATURAL GAS AND AIR AT 40 ATMOSPHERES 
(b) Fuel-air ratio, 0.02 
:emperature,  
K 





















































































Specific heat at 
constant p re s su re ,  
0.4378 



























k ,  


















































































Proper t ies  a t  this temperature  reflect the effect of the condensation of water from the combustion products. a 
49 
TABLE M. - Continued. THERMODYNAMIC AND TRANSPORT PROPERTIES OF THE COMBUSTION 
v 
r empera ture ,  




























PRODUCTS O F  NATURAL GAS AND AIR AT 40  ATMOSPHERES 



























































Specific heat at 
:onstant p re s su r  e ,  
c a l k ) @ )  
0.4642 
.437 1 


























k ,  
:al/(cm)(sec)@) 
630X 10 -6 
56 1 
506 


















































.7  16 
.706 
Enthalpy, 




























“Proper t ies  at th i s  tempera ture  reflect the effect of the condensation of water f rom the  combustion products. 
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(d) Fuel-air  ratio, 0.04 



























































p ,  



























Specific h e a t t  Thermal  
:onstant p re s su re ,  conductivity, 






















































’Properties at th i s  temperature reflect  the effect of the condensation of water f rom the  combustion products. 
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TABLE E. - Continued. THERMODYNAMIC AND TRANSPORT PROPERTIES OF THE COMBUSTION 
PRODUCTS OF NATURAL GAS AND AIR AT 40 ATMOSPHERES 













































































































Specific heat a t  






























































. 6 3 1  
.647 
.660 














. 7  12 
.7  15 
.7 18 
. 7  22 
.7 27 













-17 1. 5 
-205.3 
-238.7 












‘Properties a t  this temperature reflect  the effect of the condensation of water from the combustion products,  
52  
TABLE IX. - Continued. THERMODYNAMIC AND TRANSPORT PROPERTIES OF THE COMBUSTION 
PRODUCTS OF NATURAL GAS AND AIR AT 40 ATMOSPHERES 
( f )  Fuel-air  ratio, 0.06 







































































































Specific heat a t  
:on stant p r e s s u r e ,  
























































7 6  





. 6  13 
.628 
. 6 4 1  














. 7  10 
.7  13 
. 7  16 
.720 
.725 
. 7 3 1  
. 7  19 
.706 
Enthalpy 




























“Proper t ies  at  th i s  temperature reflect the effect of the condensation of water f rom the combustion products. 
5 3  
TABLE E. - Concluded. THERMODYNAMIC AND TRANSPORT PROPERTIES OF THE COMBUSTION 
r emper  atur e ,  




























PRODUCTS OF NATURAL GAS AND AIR AT 40  ATMOSPHERES 

















































































Specific heat at 
:onstant p re s su re ,  
0.5916 
.5509 




















































9 2  
76  





. 6  15 
















. 7  10 
. 7  13 
. 7  16 
.720 
.7  25 
.73  1 































Proper t ies  at th i s  temperature reflect  the effect of the condensation of water from the combustion products 3. 
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